In this paper, we explore the impact of Dark Matter-photon interactions on the CMB angular power spectrum. Using the one-year data release of the Planck satellite, we derive an upper bound on the Dark Matter-photon elastic scattering cross section of σ DM−γ ≤ 8×10 −31 (m DM /GeV) cm 2 (68% CL) if the cross section is constant and a present-day value of σ DM−γ ≤ 6 × 10 −40 (m DM /GeV) cm 2 (68% CL) if it scales as the temperature squared. For such a limiting cross section, both the B-modes and the T T angular power spectrum are suppressed with respect to ΛCDM predictions for 500 and 3000 respectively, indicating that forthcoming data from CMB polarisation experiments and Planck could help to constrain and characterise the physics of the dark sector. This essentially initiates a new type of dark matter search that is independent of whether dark matter is annihilating, decaying or asymmetric. Thus, any CMB experiment with the ability to measure the temperature and/or polarisation power spectra at high should be able to investigate the potential interactions of dark matter and contribute to our fundamental understanding of its nature.
I. INTRODUCTION
The last decade has witnessed tremendous progress in observational cosmology. From the accumulated data of e.g. supernovae surveys [1] , BAO measurements [2] and Cosmic Microwave Background (CMB) experiments such as WMAP [3] , SPT [4] , ACT [5] and more recently Planck [6] , one could establish with great precision the quantity of dark matter (DM) in the Universe. Yet, despite the large number of dedicated experiments, an understanding of the particle nature of DM and direct evidence for its existence have remained elusive, questioning our interpretation of this mysterious substance.
One of the possible explanations for this long-standing puzzle is that DM consists of weakly-interacting massive particles (WIMPs) that are naturally difficult to detect using methods based on their interactions. Quantitative estimates of the DM interaction rate have been made using direct [7, 8] and indirect [9] [10] [11] detection techniques, in addition to relic density calculations [12] . Such methods generally assume that DM annihilates (in our galaxy and including at late times) and/or interacts with quarks.
However, such assumptions are not always appropriate; for instance, there are no late annihilations in asymmetric DM scenarios that could lead to a visible signal in galactic or CMB data [13] . Additionally, the DM mass may be too small or too large to produce a visible signal in direct detection experiments due to their limited sensitivity 1 . For example, if DM consists of sterile neutrinos (e.g. [15] [16] [17] [18] ) with a significant decay rate, X-ray observations [19] [20] [21] [22] would be a more promising detection method than direct detection. Also, if DM is lighter than ∼ 10 GeV [23] with a small annihilation cross section into electron-positron pairs [23, 24] , it is more appropriate to look for evidence in low energy gamma-ray data [25] , measurements of the electron/muon g-2 [26] [27] [28] [29] or the neutrino mass generation mechanism [30] . However, such searches require one to assume a Particle Physics model and are therefore not universal. Finally, DM could be much heavier than a few TeV (e.g. [31] ), posing problems for the usual detection techniques.
Here we propose an alternative method to determine how weak DM interactions with Standard Model (SM) particles need to be, independently of the vanilla DM assumptions. Our argument holds whether DM decays, annihilates or is in the right mass range to interact significantly with nuclei. It is only based on the historical motivation for WIMPs, namely the mandatory absence of Silk damping (photon diffusion) at very large scales [32] [33] [34] .
To begin with, it is important to note that charge neutrality does not necessarily rule out Dark Matter-photon (DM-γ) interactions since they can occur through more complicated processes involving SM particles 2 or magnetic and dipole moments [36] [37] [38] . Therefore, in principle, DM could have couplings with a strength intermediate between those of the electromagnetic and (SM) weak interactions. From a phenomenological point of view, the prejudice is that these interactions should be relatively small 3 but since we lack evidence in favour of any particular DM model, deriving constraints from the accumulated cosmological data offers a more robust method to characterise its nature.
The consequence of DM interactions with SM particles is to dampen the primordial matter fluctuations and essentially erase all structures below a given scale (referred to as the collisional damping scale) [32] [33] [34] . The effect is exacerbated when DM couples to photons and therefore, one can set a strong upper limit on the DM-γ interaction cross section by examining the resulting CMB spectra.
In fact, a non-zero DM − γ coupling has two specific signatures. Firstly, as was shown in Ref. [33] , large interactions lead to the presence of significant damping in the angular power spectrum, which can be constrained using the position and relative amplitude of the acoustic peaks. Secondly, after DM ceases to interact with photons, the collisional damping is supplemented by DM free-streaming 4 ; this appears as a 'linear' translation of the matter power spectrum and can also be constrained (if the effect is substantial enough). Therefore, with the first data from the Planck satellite [41] , one can set a limit on DM-γ interactions with unprecedented precision.
In this study, we extend the preliminary analysis of Ref. [33] much further and show that a non-negligible DM-γ coupling also generates distinctive features in the temperature and polarisation power spectra at high . One can use these effects to search for evidence of DM interactions in CMB data and determine (at least observationally) the strength of DM-γ interactions that we are allowed. This work will be extended to other DM interactions in a future publication.
The paper is organised as follows. In Sec. II, we discuss the implementation of DM-γ interactions and the qualitative effects on the T T and EE components of the angular power spectrum. In Sec. III A, we constrain these interactions by comparing the spectra to the latest Planck data, and find the best-fit cosmological parameters. In Sec. III B, we present our predictions for the temperature and polarisation spectra for the maximally allowed value of the elastic scattering cross section that we obtain. We conclude in Sec. IV.
II. IMPLEMENTATION OF THE DM-γ INTERACTIONS
In this section, we recall the modified Boltzmann equations used to incorporate interactions of DM with photons [33] and discuss their implementation in the Cosmic Linear Anisotropy Solving System (CLASS) code 5 (version 1.7) [42, 43] .
The current version of CLASS offers a choice between two gauges for the definition of cosmological perturbations: the Newtonian gauge, and the synchronous gauge comoving with DM (see e.g. Ref. [44] ). In the presence of coupled DM, the synchronous gauge equations should be slightly reformulated since the gauge can be fixed by imposing θ DM = 0 at the initial time but not at all times. For simplicity, we implemented the DM-γ interactions in the Newtonian gauge only. All equations in this section refer to that gauge, assuming a flat universe and taking derivatives with respect to conformal time, τ. Our notation is consistent with Ref. [44] .
A. Modified Boltzmann equations
In the absence of DM interactions, the Boltzmann equations simplify to the following Euler equations:
where θ b , θ γ and θ DM are the baryon, photon and DM velocity divergences respectively. δ γ and σ γ are the density fluctuation and anisotropic stress potential associated with the photon fluid, ψ is the gravitational potential, k is the comoving wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ≡ (3/4)(ρ b /ρ γ ) is the ratio of the baryon to photon density, c s is the baryon sound speed andκ ≡ a σ Th c n e is the Thomson scattering rate (the scale factor, a, appears since the derivative is taken with respect to conformal time). DM-γ interactions are accounted for by a term analogous to −κ(θ γ − θ b ) in the DM and photon velocity equations. The new interaction rate readsμ ≡ a σ DM−γ c n DM , where σ DM−γ is the DM-γ elastic scattering cross section, n DM = ρ DM /m DM is the DM number density, ρ DM is the DM energy density and m DM is the DM mass (assuming that DM is non-relativistic) 6 . Thus, the Euler equation for photons receives the additional source term −μ(θ γ − θ DM ).
In order to conserve energy and account for the momentum transfer in an elastic scattering process, the source term in the Euler equation for DM has the opposite sign and is rescaled by a factor S ≡ (3/4)(ρ DM /ρ γ ), which grows in proportion to a. Thus, the Euler equations becomė
The DM-γ elastic scattering cross section, σ DM−γ , can be either constant (like the Thomson scattering between photons and charged particles) or proportional to temperature, depending on the DM model that is being considered.
For a constant cross section, since DM and baryons are non-relativistic when we begin the integration, bothμ andκ behave as a −2 at high redshifts. Therefore, the ratio ofμ anḋ κ is proportional to the dimensionless quantity
which depends on two essential parameters: the scattering cross section, σ DM−γ , and the DM mass, m DM 7 . We will use this parameter to quantify the effect of DM-γ interactions on the evolution of primordial fluctuations. If instead the cross section is proportional to the temperature squared (e.g. dipole DM [36] [37] [38] or by analogy to neutrino-electron scattering), we can write u = u 0 a −2 , where u 0 is the present-day value.
As the magnitude of the u parameter determines the collisional damping scale [33] , one can readily see that the efficiency of the damping is essentially governed by the ratio of the interaction cross section to the DM mass.
B. Implementation in CLASS
The execution of CLASS begins by using three distinct modules for the background, thermodynamical and perturbation evolutions. In the present study, all necessary modifications are confined to the thermodynamics and perturbation modules.
The standard thermodynamics module solves the recombination equations and stores an interpolation table for [κ,κ, ... κ , exp(−κ)] as a function of redshift, z. At the same time, we request that the module stores the corresponding values ofμ (inferred analytically from u, a, σ Th and ρ DM ), its higher derivatives and exp(−µ). It also stores values of the visibility function
along with its first and second time derivatives.
In the perturbation module, we began by adding the new interaction terms to the photon and DM Euler equations [see Eqns. (5) and (6)] and in the full hierarchy of Boltzmann equations for photon temperature and polarisation. Apart from the source term in the photon velocity equation, this amounts to simply replacing all occurrences ofκ with (κ +μ). For instance, the evolution equation for photon temperature multipoles with ≥ 3 readṡ
where F γ is defined as in Ref. [44] . At early times, the characteristic scale τ c = (κ) −1 is very small, leading to a stiff system of equations. Integrating over time remains efficient in the baryon-photon tight-coupling regime (in which small quantities like (θ γ −θ b ) and σ γ are obtained analytically at order one or two in the expansion parameter), while the remaining evolution equations become independent of τ c .
To obtain a CMB spectrum compatible with large-scale observations, we can limit our analysis to the case in which the new interaction rate is weaker than the Thomson scattering rate, i.e.μ <κ. Therefore, there is no need to devise a specific DM-γ tight-coupling regime; we need only to correct the baryon-γ tight-coupling approximation in order to account for the new interaction. This can be easily achieved by following the step-by-step calculation of Ref. [43] , including the additional terms −μ(θ γ − θ DM ) and −S −1μ (θ DM − θ γ ) in the photon and DM Euler equations respectively.
We implemented these modifications at order one in τ c (and even beyond that order, since we used the approximation scheme called class compromise in Ref. [43] ). We checked the consistency of our approach by varying the time at which the tight-coupling approximation is switched off in the presence of a non-zero interaction rate,μ. As expected, the results are independent of the switching time, unless it gets too close to recombination (in which case, one needs to introduce a DM-γ tight-coupling regime).
In order to follow a reduced number of multipoles in the hierarchy of Boltzmann equations for photons, we expressed the final temperature and polarisation spectra using a line-of-sight integral [46] , i.e. we decompose the temperature/polarisation photon transfer functions ∆
where τ is conformal time, τ i is an arbitrary time much earlier than recombination, τ 0 is the time today, S T,P (k, τ) is the temperature/polarisation source function and the j 's are spherical Bessel functions. The source functions can be obtained by integrating the Boltzmann equation by parts along a given geodesic. For the model at hand, the source functions for temperature and polarisation read
where Π is a linear combination of temperature and polarisation multipoles, corresponding to [F γ2 + G γ0 + G γ2 ] in the notation of Ref. [44] . In the above formulae, for our numerical implementation in CLASS, derivatives of perturbations denoted with a dot are evaluated analytically using the evolution equations, while the derivative denoted by d/dτ is computed with a finite difference method, after storing the function between the square brackets. The new coupling has two main effects: i) a suppression of the small-scale peaks due to a combination of collisional damping and a delayed photon decoupling, and ii) a shift in the peaks to larger due to a decrease in the sound speed of the thermal plasma. (Note that u = 10 −4 is difficult to distinguish from u = 0 at this scale).
C. Effect of DM-γ interactions on the CMB spectrum
The impact of DM-γ interactions on the T T and EE components of the CMB angular power spectrum generated by CLASS is illustrated in Fig. 1 for specific values of the parameter u ≡ σ DM−γ /σ Th [m DM /100 GeV] −1 . Here we take the DM − γ cross section to be constant, however, we note that similar effects are observed for temperature-dependent cross sections. For illustrative purposes, we consider a flat ΛCDM cosmology, where the energy content of the Universe is divided between baryons (Ω b = 0.05), dark matter (Ω DM = 0.25) and dark energy in the form of a cosmological constant (Ω Λ = 0.7). We select a present-day value for the Hubble parameter of H 0 = 70 km s −1 Mpc −1 (h = 0.7) and a standard value of 3.046 for the effective number of neutrino species [47] .
There are two important effects on the relative amplitude and position of the Doppler peaks with respect to standard ΛCDM, both of which can be used to constrain the DM-γ elastic scattering cross section.
Firstly, the DM-γ interactions induce collisional damping (see Ref. [32, 34] ), thus reducing the magnitude of the small-scale peaks and effectively cutting off the angular power spectrum at lower values of . For very large cross sections, this effect is enhanced by a delay in the epoch of photon last-scattering, increasing the width of the last-scattering surface. Secondly, the presence of significant DM-γ interactions decreases the sound speed of the thermal plasma [33] . Acoustic oscillations have a lower frequency, leading to a shift in the position of the Doppler peaks to larger . We note that there is a slight enhancement of the first acoustic peak with respect to ΛCDM (∼ 0.1% in T T and ∼ 0.3% in EE for u = 10 −4 ) due to a decrease in the diffusion length of the photons. As expected, these effects are enhanced for a larger cross section or a smaller DM mass (i.e. a greater number density of DM particles for the same relic density), corresponding to a larger value of u and a later epoch of DM-γ decoupling. Therefore, by fitting the T T and EE components of the CMB spectrum with cosmological data, one can constrain the value of u and thus determine the maximal scattering cross section that is allowed for a given DM mass.
III. RESULTS AND OUTLOOK
In this section, we present our constraints on the DM-γ elastic scattering cross section, which is considered to be either constant or proportional to the temperature squared. We discuss important features of the temperature and polarisation spectra in the presence of DM-γ interactions and outline prospects for future CMB experiments.
A. Constraints from the Planck One-Year Data Release
To fit our model to the data, we varied the parameters of the minimal flat ΛCDM cosmology, namely: the baryon density (Ω b h 2 ), the dark matter density (Ω DM h 2 ), the scalar spectral index (n s ), the primordial spectrum amplitude (A s ), the reduced Hubble parameter (h) and the redshift of reionisation (z reio ), supplemented by the additional parameter characterising the DM-γ interaction strength, u [41] . Ω b h 2 is the baryon energy density, Ω DM h 2 is the dark matter energy density, h is the reduced Hubble parameter, A s is the primordial spectrum amplitude, n s is the spectral index and z reio is the reionisation redshift. Ω b h 2 is the baryon energy density, Ω DM h 2 is the dark matter energy density, h is the reduced Hubble parameter, A s is the primordial spectrum amplitude, n s is the spectral index and z reio is the reionisation redshift.
We considered three active neutrino species; two massless and the other with a small mass of 0.06 eV, reflecting the lower bound imposed by neutrino oscillation experiments 8 [49] . In addition, we chose the standard value of 3.046 for the effective number of neutrino species, N eff [47] (allowing N eff to vary does not have a significant effect on our conclusions).
To efficiently sample the parameter space, we ran the Markov Chain Monte Carlo code MONTE PYTHON 9 [50] combined with the one-year data release from Planck, provided by the Planck Legacy Archive 10 [6] . In particular, we used the high-and low-temperature data of Planck combined with the low-WMAP polarisation data (this corresponds to 'Planck + WP' in Ref. [41] ). We marginalised over the nuisance parameters listed in Ref. [41] .
For a constant cross section, the bounds on the various cosmological parameters are displayed in Table I and illustrated in Fig. 2 (where we omit the nuisance parameters for clarity). The posterior probability distribution for the u parameter peaks at u 0 showing that the data does not prefer a significant DM-γ coupling. Importantly, we derive an upper limit on the elastic scattering cross section of
corresponding to u ≤ 1.2 × 10 −4 (at 68% CL). This result constitutes an improvement by a factor of ∼ 9 on the pre-WMAP analysis of Ref. [33] , which set a limit of σ DM−γ 7×10 −30 (m DM /GeV) cm 2 by comparing the CMB anisotropy spectra with ΛCDM predictions. We note that including data from the 2500-square degree SPT survey [4] tightens the constraints on the cosmological parameters with respect to 'Planck + WP' alone, giving best-fit values that are consistent at the 1σ level. We obtain the slightly weaker result of u ≤ 1.3 × 10 −4 , in addition to a larger value of H 0 = 67.9 +1.0 −1.1 and smaller value of z reio = 10.7
(all at 68% CL) 11 .
For a DM candidate that is lighter than a few GeV (see e.g. [23, 24] ), Eq. (13) suggests that the particles must have a cross section in the range of weak interactions. This result is relevant for scenarios in which DM cannot annihilate directly into the visible sector (where indirect detection techniques are inappropriate). Meanwhile, for a heavy DM particle (∼ TeV), we obtain a weaker bound on the scattering cross section so large DM-γ interactions (with respect to weak interactions) cannot yet be ruled out by CMB data alone.
For scenarios where DM cannot couple directly to photons, this translates into an upper bound on the DM coupling to charged particles, including those of the SM. However, the requirement of a constant cross section implies that there is some cancellation that enables us to remove the dependence on the photon energy, as in the case of Thomson scattering. Scenarios in which the DM mass is degenerated with the mediator mass may therefore be more appropriate, providing that the mass degeneracy passes the cuts at the LHC (e.g. Ref. [51] ) or the DM mass is large enough to satisfy the LHC constraints on new charged particles.
A constant cross section is also expected in the presence of a Z -γ or γ -γ mixing (for a review on the limits of such a mixing, see for example, Ref. [52] ). In this case, the cross section is essentially the Thomson cross section (where we replace the fine structure constant, α, by its equivalent for the DM-γ coupling, α DM−γ , and the electron mass by the DM mass) multiplied by the Z /γ − γ coupling, χ, to the power four (i.e. σ DM−γ = χ 4 σ DM−γ ). For MeV DM, our result translates into the constraint χ 10 −2 in the limit of a massless Z /γ and α DM−γ α. This is to be compared with the bounds on millicharged particles, which are about two to three orders of magnitude stronger in the MeV range [53] .
If instead, the cross section is proportional to the temperature squared, we obtain the stringent upper bound of
for the present-day value of the scattering cross section (at 68% CL), corresponding to u 0 ≤ 9.0 × 10 −14 , which is consistent with Eq. (13) . Brought back to epochs much earlier than the CMB time, this result is clearly not as powerful as the constant cross section case, but does apply to all scenarios where the dependence on the energy of the photon cannot be alleviated. In the case of dipolar DM models [36] [37] [38] , this enables one to constrain the DM dipole moment. We note that our analysis assumes that the interacting DM accounts for the entire DM component of the Universe; if more than one species were responsible for the observed relic density [54] , larger cross sections would be allowed.
B. Prospects for future experiments
As shown in Table I , our best fit to the Planck data for u 10 −4 leads to values of the cosmological parameters that are consistent with those obtained by Planck at the 1σ level. However, there are a number of differences with respect to ΛCDM at high due to the impact of DM-γ interactions, which eventually dampen structure on very small scales.
The effect is particularly noticeable if one considers the T T angular power spectrum for 3000, which has not yet been probed by Planck (see Fig. 3 ). Indeed, for 6000, small-scale fluctuations are suppressed by a factor of ∼ 4 with respect to ΛCDM for our maximally allowed cross section. This result could be promising for CMB experiments such as SPT [4] and ACT [5] ; however, such a large value of corresponds to the region where the foregrounds (emission from extra-galactic sources and the thermal Sunyaev-Zeldovich effect) are dominant [57] . , and the 9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT and ACT experiments [55] . On the left, we see a suppression of power with respect to WMAP-9 and Planck for 3000 and on the right, we give our prediction for the T T component of the angular power spectrum at high . respectively in Ref. [56] . For the maximally allowed (constant) DM-γ cross section (u 10 −4 ), we see a deviation from the Planck best-fit ΛCDM model for 500 and a significant suppression of power for larger .
Therefore, the detectability of DM-γ interactions in the temperature anisotropy spectrum will depend on the accuracy of foreground modelling and removal.
The damping with respect to ΛCDM is also evident in the B-mode spectrum (a consequence of E-mode lensing by large-scale structure), as shown in Fig. 4 . The reduction in power is due to the combined damping of the E-modes (see Fig. 1 ) and the matter power spectrum (see Fig. 5 ). While the overall effect is small for u 10 −4 , if we consider 500, one can use the B-modes alone combined with the first-season SPTpol data [56] to effectively rule out u 5 × 10 −3 . In fact, future polarisation data from e.g. SPT [4] , POLARBEAR [58] and SPIDER [59] could be sensitive enough to distinguish u 10 −5 from ΛCDM.
Finally, the matter power spectrum may provide us with an even stronger limit on the DM-γ interaction cross section (see Fig. 5 ). The pattern of oscillations together with the suppression of power at small scales, as noticed already in Ref. [33] , could indeed constitute an interesting signature. The observability of such an effect depends on the non-linear evolution of the matter power spectrum (for which k 0.2 h Mpc −1 ). Typically, one would expect it to be somewhat intermediate between cold and warm dark matter (WDM) scenarios at large redshifts, and closer to WDM at small redshifts so the Lyman-α constraint on WDM models could apply. Using the latest bound on the mass of WDM candidates [60] together with the proposed transfer function in Ref. [33] , we expect structure formation to set a more stringent limit than CMB analysis (potentially by several orders of magnitude) but this would require a thorough investigation.
Given that simulating non-linear structure formation in WDM models is renowned to be very challenging (due to numerical artefacts that are difficult to remove), we expect that constraining DM-γ interactions through their matter power spectrum and distinguishing their effects from those of collisionless WDM will not be straightforward. Nevertheless, simulating such oscillating power spectra would enable us to study the impact of DM-γ interactions in the non-linear regime, thereby determining the number of substructures for these models. This would be particularly useful in light of forthcoming data from large-structure surveys such as SDSS-III [61] and Euclid [62] .
IV. CONCLUSION
We have studied the effects of introducing an interaction between DM and photons on the evolution of primordial matter fluctuations and in particular, the CMB temperature and polarisation power spectra. By comparing the T T and EE components in the presence of a DM-γ coupling with the one-year data release from Planck, we have set a stringent constraint on the elastic scattering cross section of σ DM−γ ≤ 8 × 10 −31 (m DM /GeV) cm 2 (68% CL), assuming it is constant at late times. This bound is an order of magnitude stronger than the previous work of Ref. [33] , where a limit was placed by comparing the temperature anisotropy spectrum with ΛCDM predictions (before any experimental results were published). For a heavy DM particle (∼ TeV), the maximal cross section is too large to exclude the possibility that DM has significant interactions with photons, while for light DM particles (∼ MeV), the cross section is of the order typically expected for weak interactions. If instead, the cross section is proportional to the temperature squared, we obtain a significantly tighter present-day bound of σ DM−γ ≤ 6 × 10 −40 (m DM /GeV) cm 2 (68% CL), giving a weaker constraint in the past.
We note that an even stronger result could be achieved using forthcoming data on the B-modes and measurements of the T T spectrum at very high , provided an excellent knowledge of the foregrounds. We expect these limits to be weaker than those from the matter power spectrum, when combined with data from large-scale structure surveys and Lyman-α constraints (at present, a limit can only be set by analogy with collisionless WDM). However, CMB constraints will be important to compare to since they do not depend on the non-linear evolution of the matter fluctuations.
Importantly, we have shown that one can effectively use cosmological data to restrict the allowed region of parameter space for DM interactions, independently of any theoretical prejudice. Indeed, any CMB experiment with the ability to measure the power spectra at high could contribute to our fundamental understanding of DM interactions.
